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Abstract With the exception of the methanogenic archaea
Methanococcus jannaschii and Methanobacterium thermoauto-
trophicum vH, all organisms surveyed contain orthologs of
Escherichia coli cysteinyl-tRNA synthetase (CysRS). The
characterization of CysRS-encoding (cysS) genes and the
demonstration of their ability to complement an E. coli cysSts
mutant reveal that Methanococcus maripaludis and Methano-
sarcina barkeri, two other methanogenic archaea, possess
canonical CysRS proteins. A molecular phylogeny inferred from
40 CysRS sequences indicates that the CysRS of M. maripaludis
and Methanosarcina spp. are specific relatives of the CysRS of
Pyrococcus spp. and Chlamydia, respectively. This result
suggests that the CysRS gene was acquired by lateral gene
transfer in at least one euryarchaeotic lineage.
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1. Introduction
Cysteine is the third least-frequently occurring amino acid
in all Methanococcus jannaschii proteins, yet its thiol moiety
has disproportionate importance as a nucleophilic catalyst, a
metal ligand and electron-carrying thiol. Thus, it was surpris-
ing that the ¢rst two known archaeal genome sequences (for
M. jannaschii [1] and Methanobacterium thermoautotrophicum
vH [2]) lacked recognizable genes for enzymes in cysteine
biosynthesis and the canonical cysteinyl-tRNA synthetase.
As both autotrophic archaea grow in minimal media supple-
mented with sul¢de, sul¢te, thiosulfate, elemental sulfur or
mercaptans [3,4], they must have the capacity to synthesize
and incorporate cysteine. The subsequently sequenced arch-
aeal genomes (Archaeoglobus fulgidus, Pyrococcus spp., and
Aeropyrum pernix) encode recognizable CysRS proteins; this
makes this puzzle all the more intriguing.
Cysteinyl-tRNA synthetase is a class I synthetase with the
conserved class-de¢ning HIGH and KMSKS motifs. It is the
last synthetase whose primary structure was determined [5].
All bacteria and eukarya examined to date contain a CysRS
similar to the monomeric 52 kDa enzyme found in Escherichia
coli. Although extensive studies on tRNA-recognition were
done with the E. coli enzyme [6,7], altogether there is much
less known about CysRS than about the other aminoacyl-
tRNA synthetases [8]. However, this should change in the
near future with the expected availability of a crystal structure
[9].
Several alternative mechanisms of Cys-tRNACys synthesis
can be considered for M. jannaschii and M. thermoautotrophi-
cum and possibly other methanogens. If Cys-tRNA were
formed by direct acylation of tRNACys with the cognate ami-
no acid, the reaction may be carried out by a highly diverged
CysRS, as observed for the methanogen seryl-tRNA synthe-
tase [10]. Alternatively, there may be a non-canonical, unrec-
ognized form of CysRS, as is the case for the euryarchaeal
class I lysyl-tRNA synthetase [11]. Otherwise, these organisms
may employ a tRNA-dependent amino acid transformation
pathway [12]. Similar to selenocysteine formation [13], this
route would entail misacylation of tRNACys with serine by
seryl-tRNA synthetase to form Ser-tRNACys which would
be thiolated to Cys-tRNACys. A scenario involving this indi-
rect thiolation pathway is unlikely to operate in M. thermoau-
totrophicum, as puri¢ed SerRS from this organism will not in
vitro charge homologous tRNACys with serine [10]. In addi-
tion, it was recently shown that M. jannaschii cell extracts can
acylate cysteine directly to tRNACys [14].
We therefore investigated the formation of Cys-tRNA in a
variety of organisms either biochemically, or genetically by
complementation of an E. coli cysSts mutant strain and iso-
lation of cysS genes. The results, combined with data from
ongoing genome sequencing projects, allowed us to examine
the evolutionary history of Cys-tRNA formation.
2. Materials and methods
2.1. Methanococcus maripaludis CysRS puri¢cation and assay
CysRS activity was measured at 37‡C in a reaction mixture con-
taining 30 mM HEPES-KOH (pH 7.5), 15 mM MgCl2, 25 mM KCl,
5 mM DTT, 20 WM [35S]cysteine, 1 mM ATP and 40 Wg/ml of M.
maripaludis total tRNA prepared by standard methods. After prein-
cubation for 1 min the reaction was initiated by the addition of the
enzyme. Acid-precipitable radioactivity was measured as described
[15]. The CysRS preparation was puri¢ed by anion exchange chroma-
tography from M. maripaludis S-100 extract.
2.2. Complementation of an E. coli cysSts strain
The E. coli strain UQ818 contains a thermolabile CysRS [16] and
therefore cannot grow at the non-permissive temperature of 42‡C.
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Competent cells of this strain were transformed with libraries or
clones. Transformants were selected for growth at 42‡C. The Meth-
anosarcina barkeri library [17] was kindly provided by D. Jahn (Uni-
versity of Freiburg, Germany). The other cysS genes were inserted
into a pCBS1, a pBR322-derived vector with an E. coli trpS promoter.
2.3. Protein sequence alignment
Amino acid sequences for previously described CysRS proteins
were obtained from the non-redundant protein NCBI database: A.
fulgidus VC-16 (AE001076), Pyrococcus sp. OT3 (AP000003), Pyro-
coccus abyssi (AJ248287), A. pernix (AP000062), Aquifex aeolicus
(AE000721), Bacillus subtilis (L14580), Thermotoga maritima
(AE001743), E. coli (X59293), Synechocystis sp. (D90914), Helico-
bacter pylori (AE000598), Rickettsia prowazekii (AJ235270), Chlamy-
dia trachomatis (AE001350), Mycobacterium tuberculosis (Z92774),
Borrelia burgdorferi (AE001161), Treponema pallidum (AE001193),
Mycoplasma genitalium (U39704), Mycoplasma pneumoniae
(AE000047), Azospirillum brasilense (X99587), Arabidopsis thaliana
(AC006593), Drosophila melanogaster (AF132160), Caenorhabditis el-
egans (AF077541), Saccharomyces cerevisiae (X96722) and Homo sa-
piens (L06845). A second, paralogous gene from M. tuberculosis
(cysS2) (Z97559) was also included in the analysis. Sequence data
from partial genome sequences for Chlorobium tepidum, Deinococcus
radiodurans and Porphyromonas gingivalis were obtained from http://
www.tigr.org, Pyrococcus furiosus from http://www.genome.utah.edu,
Campylobacter jejuni from http://www.sanger.ac.uk, Clostridium ace-
tobutylicum from http://www.genomecorp.com, Pseudomonas aerugi-
nosa from http://www.pseudomonas.com, Neisseria gonorrhoeae from
http://www.genome.ou.edu and Rhodobacter capsulatus from http://
wit.mcs.anl.gov/WIT. Sequences not yet publicly available were
from Thermoplasma acidophilum (courtesy of A. Ruepp, Max-
Planck-Institut fu«r Biochemie, Martinsried, Germany), Halobacterium
salinarum (courtesy of S. Schuster and D. Oesterhelt, Max-Planck-
Institut fu«r Biochemie, Martinsried, Germany), Methanosarcina mazei
Go«1 (courtesy of T. Hartsch, Go«ttingen Genomics Laboratory, Ger-
many), and Pyrobaculum aerophilum (courtesy of S. Fitz-Gibbon,
UCLA). Forty amino acid sequences from CysRS proteins were
aligned using the CLUSTALW (v.1.7.4) program [18].
2.4. Phylogenetic inference
From the alignment, positions corresponding to 404 of the 461
amino acids in the E. coli CysRS sequence were deemed to be con-
¢dently aligned. These were analyzed by protein maximum parsimony
methods using a heuristic search algorithm (PAUP* v4 beta 2, D.
Swo¡ord, Sinauer Associates). The 1000 shortest trees were evaluated
by maximum likelihood (ML) criteria using the PROTML program
(v2.2) in the MOLPHY package [19] with the JTT model for amino
acid substitutions. The TreeCons program (v1.0) [20] standardized
and exponentially weighted the trees using ML scores and the Kishi-
no-Hasegawa test for signi¢cance (P90.01). The CONSENSE pro-
gram (J. Felsenstein, PHYLIP (phylogeny inference package). Version
3.5c. Department of Genetics, U. Washington, Seattle, WA, USA,
1993) constructed a consensus tree from the weightings. The neigh-
bor-joining (NJ) consensus tree was constructed from the same data
set using the PAUP* program to evaluate 1000 bootstrap samples.
Phylogenetic trees were viewed and edited with the TreeView program
(v. 1.5.2) [21].
3. Results and discussion
3.1. Cloning of the M. barkeri cysS gene by heterologous
complementation
To identify functional archaeal cysS genes, we transformed
libraries from M. barkeri, Haloferax volcanii and Methanopy-
rus kandleri into the temperature-sensitive E. coli UQ818
strain (carrying a cysSts allele) and selected for growth at
the non-permissive temperature (42‡C). DNA sequencing re-
vealed that colonies obtained from this selection with the M.
barkeri library contained a plasmid encoding a canonical cysS
(GenBank accession number AF164201) (Fig. 1). The lack of
complementation with the other two libraries may be due to
the halophilic or hyperthermophilic nature of the H. volcanii
and M. kandleri proteins, or may re£ect incompatible tRNA
recognition elements between those archaea and E. coli
tRNACys [7]. Alternatively, these organisms might use a novel
CysRS requiring unique cofactors or consisting of multiple
heterologous subunits.
3.2. M. maripaludis charges cysteine directly and contains a
canonical CysRS
M. maripaludis is a mesophilic relative of the hyperthermo-
philic M. jannaschii. Because M. maripaludis can be easily
grown and genetically manipulated [22], we biochemically
tested whether this organism attaches cysteine directly to
tRNA. A partially puri¢ed M. maripaludis CysRS preparation
charged cysteine e⁄ciently to unfractionated homologous
tRNA (Fig. 2) to a level of about 68 pmol/A260 unit. This
represents a much more e⁄cient charging than that reported
for M. jannaschii [14]. Independently, we identi¢ed a clone
with similarity to the canonical cysS gene from a small insert
library of M. maripaludis genomic DNA (GenBank accession
number AF163997). This cysS ORF encodes a 55 kDa protein
homologous to E. coli CysRS. Thus unlike M. jannaschii, M.
maripaludis has a canonical cysteinyl-tRNA synthetase.
3.3. Are diverse cysS genes active in E. coli?
In order to demonstrate in vivo activity of diverse cysS gene
products, we complemented the E. coli cysSts mutant with
cysS genes from four archaea (A. pernix, P. aerophilum, M.
maripaludis, M. barkeri) and the bacterium R. marinus. While
the cloned cysS genes from M. maripaludis and M. barkeri
gave rise to colonies that grew very well at the non-permissive
temperature, the A. pernix transformants grew very slowly,
possibly due to reasons discussed above for the hyperthermo-
phile M. kandleri. The P. aerophilum and Rhodothermus mar-
inus transformants grew slowly, but only in the presence of
added cysteine; thus, the a⁄nity of their CysRS enzymes for
cysteine may be lower, a case also seen in the complementa-
tion of an E. coli lysSts mutant with the M. maripaludis lysS
gene [23]. From these results, we conclude that all of the genes
tested have CysRS activity in vivo. Thus, there is no prima
facie barrier to the lateral transfer and gene displacement of
evolutionarily diverse cysS genes into E. coli.
3.4. Cloning and sequencing the R. marinus cysS gene
R. marinus, a moderately thermophilic, aerobic, marine bac-
terium of interest in Iceland [24], is distantly related to the
Flexibacter/Cytophaga/Bacteroides group [25]. A clone encod-
ing the organism’s cysS gene was obtained and sequenced
(GenBank accession number AF162864). The deduced 504
amino acid protein is similar to that of other bacterial cysS
gene products (Fig. 1).
3.5. Evolutionary relationship of CysRS proteins
Amino acid sequences from 40 CysRS enzymes were
aligned and then analyzed by several methods to infer that
protein’s phylogeny. The unrooted consensus ML tree (Fig.
3A) supported the presence of multiple ancient lineages, the
branching order of which could not be clearly resolved. The
eukaryal CysRS proteins appeared speci¢cally related to one
another, although the Arabidopsis gene was highly divergent,
and a NJ tree placed it in another group with low bootstrap
support (Fig. 3B). Bacterial CysRS proteins typically grouped
with their closest relatives predicted by the SSU rRNA phy-
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logeny [26]. However, more distant relationships were not
clearly resolved, as indicated by the low relative likelihood
support (RLS) for the deep branches and the lack of congru-
ence between the ML and NJ trees (Fig. 3). Among euryarch-
aeota, CysRS from Pyrococcus spp. appeared closely related
to the enzyme described here from M. maripaludis. This rela-
tionship was robust, i.e. it was strongly supported by high
RLS scores and it was present in both ML and NJ trees. In
contrast, the Methanosarcina spp. CysRS appeared closely
related to the enzyme from C. trachomatis, suggesting that
one of these lineages may have acquired CysRS by lateral
gene transfer. A tentative relationship between the euryarch-
aeal CysRS from H. salinarum and the bacterial protein from
D. radiodurans may be in£uenced by the biased amino acid
composition observed in halophiles. A tentative relationship
was also detected between the T. acidophilum CysRS and the
enzyme from the low G+C Gram-positive lineage of bacteria.
The ML tree also grouped the two crenarchaeal sequences
with CysRS proteins from the hyperthermophilic bacteria A.
aeolicus and T. maritima. Despite a high RLS value for the
Pyrobaculum/Thermotoga group, this relationship was not
strongly supported in the NJ trees and was considered tenta-
tive. If the associations of archaeal enzymes with di¡erent
bacterial lineages were caused by lateral gene transfer(s), these
were not recent events because the mol percentage G+C con-
tents of all genes in this study closely match each organism’s
chromosomal composition.
Two of the methanogenic euryarchaeota, M. jannaschii and
M. thermoautotrophicum, are known to lack a canonical
CysRS. Therefore, we did not expect to discover these pro-
teins in the closely related M. maripaludis and Methanosarcina
spp. Although the highly divergent nature of the CysRS se-
quences makes it di⁄cult to resolve deep evolutionary rela-
tionships, the M. maripaludis and Methanosarcina CysRS ap-
pear to have very di¡erent histories, suggesting that lateral
transfer occurred in these lineages. To fully reconstruct the
evolutionary history of CysRS in euryarchaea will require
knowledge of the alternative cysteinyl-tRNA charging systems
from M. jannaschii and M. thermoautotrophicum, combined
with better sampling of charging systems from euryarchaeota,
especially other members of the Methanococcales, the Meth-
anomicrobiales and M. kandleri.
Fig. 2. Direct attachment of cysteine to tRNA by partially puri¢ed
M. maripaludis CysRS. Aminoacylation reactions were performed as
described in the presence of 2 Wg of CysRS partially puri¢ed (see
Section 2) in a reaction volume of 120 Wl. Samples (20 Wl) were pe-
riodically removed and analyzed. Reactions were performed in the
presence of 20 WM [35S]cysteine (b), 20 WM [35S]cysteine in the ab-
sence of CysRS (F), 20 WM [35S]cysteine in the absence of tRNA
(E), and 20 WM [35S]cysteine in the presence of 0.8 mM non-radiola-
belled cysteine (R).
Fig. 1. Sequence alignment of the CysRS protein sequences from M. maripaludis, M. barkeri, R. marinus and a consensus sequence of 43
CysRS sequences from eukaryotic (5), archaeal (8) and bacterial (30) origin. At least 50% amino acid identity was required for the consensus.
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3.6. Conclusion
In this study we have identi¢ed CysRS enzymes in the arch-
aea M. maripaludis and M. barkeri. Both protein sequences
are similar to E. coli CysRS and can complement the E. coli
cysSts mutation. The existence of these canonical proteins in
two methanogenic archaea makes their absence from M. jan-
naschii and M. thermoautotrophicum all the more bizarre. As
the pathways for the synthesis of all other aminoacyl-tRNAs
are now clear [27], the discovery of the nature of Cys-tRNA
formation in M. jannaschii and M. thermoautotrophicum will
be the last step in solving the puzzle of aminoacyl-tRNA for-
mation.
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